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The reflection, transmission and absorption of a symmetric electromagnetic pulse, which carrying frequency 
is close to the frequency of an interband transition in a QW (QW), are obtained. The energy levels of a 
QW are assumed discrete, one exited level is taken into account. The case of a wide QW is considered when 
a length of the pulse wave, appropriate to the carrying frequency, is comparable to the QW's width and 
it is necessary to take into account a dependence of a matrix element of an interband transition from the 
wave vector of light. Alongside with it the distinction in parameters of refraction of substances of a QW 
and barrier is taken into account. The formulas for electrical fields on the right and to the left of the QW, 
appropriate reflected and transmitted through a well pulses at any ratio between radiative and non-radiative 
broadenings of the exited energy level of the electronic system, are obtained. In figures the time dependencies 
of the dimensionless reflection, absorption are transmission (which are deflned as modules of the appropriate 
energy fluxes and their sum is equal to the module of a flux of an exciting pulse energy) are represented. 
It is shown, that the spatial dispersion and a distinction in refraction indexes influence stronger reflection, 
as alongside with reflection connected with interband transitions in the QW, the additional reflection from 
borders of the QW takes place. In comparison with model, in which the matter is considered homogeneous 
and the spatial dispersion of light is not taken into account,the most radical changes take place in reflection 
in a case, when the radiative broadening of the exited state is large in comparison with non- radiative 
broadening. On the side of the large values of the QW's width the theory is limited by a condition of 
existence of size-quantized energy levels. 



I. INTRODUCTION 

Lately in the change of the light pulse form was 
investigated at its transmission through a QW. Asym- 
metric exciting pulses with abrupt fronts and sym- 
metric pulses have been considered. It was sup- 
posed, that the exciting pulse carrying frequency loi is 
close to the electronic excitation frequency m o (two- level 
system) . A three- level system and system with 

many exited states [^|| are investigated also. Results of 
these works are true for rather narrow QW's, when the 
inequality 

(1) 

is carried out, where d is the QW's width, k is the mod- 
ule of a light wave vector appropriate to the carrying 
frequency of the symmetric light pulse. Actually the 
parameter nd 'm mentioned works relied equal to zero 
and calculated there reflection, absorption and transmis- 
sion did not depend on the QW's width. For a numer- 
ical estimation of size k we use a wave length of radia- 
tion of a hetero-laser on a basis GaAs, equal 0.8/i. The 
energy, corresponding to this wave length, is as follows 
TiLOi = l,QeV. If a refraction index of a QW's matter 
is I' = 3, 5, /c = vu)il c — 2, 8.10'^CTO~^, where c is the 
light velocity in vacuum. For the QW width d — 500A, 
the parameter Kd — 1,4. Thus, for wide QWs the spa- 



tial dispersion of waves, consisting an exciting pulse, can 
appear essential. 

For wide QWs an inequality d ^ a o , where a o is the 
lattice constant, is very strong and at a description of 
a pulse transmission through a QW it is possible to use 
Maxwell's equations for continuous matter. At such ap- 
proach it is necessary to take into account a distinction in 
refraction indexes of barriers and QW. Then additional 
reflections should appear from borders of the QW, which 
decreases with reduction of the parameter k d, but in an 
area Kd > 1 can in some cases be compared or exceed 
reflection caused by resonant transitions in a QW. Trans- 
mission of a light wave will change together with reflec- 
tion. Thus, alongside with the account of a dependence of 
reflection and transmission on parameter Kd one should 
take into account distinction in refraction indexes of bar- 
riers and QW. At present work the influence of these two 
factors on the form of reflected and transmitted pulses is 
taken into account. 

The system consisting from a deep semiconductor QW 
of the I type located in an interval < z < d and two 
semi-infinite barriers is considered. It is supposed, that 
the exciting light pulse moves along an axis z from nega- 
tive z. It is supposed also, that barriers are transparent 
for the pulse, and in the QW the pulse is absorbed, caus- 
ing resonant interband transitions. An intrinsic semicon- 
ductor and zero temperatures are meant. Exited states 
are taken into account only, in which one electron from 
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the valence band transited in the conductivity band, thus 
a hole appears in the valence band. It is supposed, that 
LUi ^ ojg (the energy gap in the QW is Eg = ?i-Wg) 
and a small part of valent electrons, located close to the 
valence band extremum (for which the method of effec- 
tive mass is true) participates in absorption. For deep 
QWs in this case it is possible to neglect tunneling of 
electrons in a barrier and to consider, that electrons are 
absent in barriers. Besides it is possible to consider en- 
ergy levels located close to the QWs bottom in approx- 
imation of indefinitely deep QWs. Considered system is 
inhomogeneous. As for wide QWs the inequality (1) is 
not performed, optical characteristics of such system are 
necessary to determine from the solution of Maxwell's 
equations, in which current and charge densities, follow- 
ing from a microscopic consideration, are used |^,^. 

Final results will be obtained for only discrete electron 
energy level in a QW. Influence of other energy levels on 
light reflection and absorption may be neglected, if the 
carrying frequency uj i is close to the excitation frequency 
of the chosen level ) and other energy levels are located 
far away from the chosen energy level. Discrete energy 
levels in a QW in a case ?i K = (where K is the to- 
tal wave vector of the electron-hole pair (EHP) in a QWs 
plane) are excitonic energy levels in zero magnetic field, 
or energy levels in quantizing magnetic field directed per- 
pendicularly to the QWs plane. As a convenient exam- 
ple of an energy level we consider below the EHP energy 
level in a quantizing magnetic field directed along axis 
z, without taking into account the Coulomb interaction 
between electron and hole, which is a weak perturbation 
for strong magnetic fields and not wide QWs |lO| . How- 
ever, the excitonic effect will not result into basic changes 
of our results, but will affect only the magnitude of ra- 
diative broadening 7^ of the electronic excitation in a 
QW. The same concerns and to excitonic levels in a zero 
magnetic field. 



II. THE FOURIER TRANSFORM OF THE 
ELECTRIC FIELD INDUCED BY AN EXCITING 
LIGHT PULSE. 

The symmetric exciting pulse, to which corresponds 
electrical field of circular polarization, falls on a single 
QW from negative z 

Eo(2,i)-e,i?oe-'"'f{e(p)e-^'P/2 

+ [l-e(p)]e^'P/2}-Hc.c.. (2) 

Here is the real amplitude, p = t — vi z/ c, 



e/ = (e-c ± ze. 



(3) 



is the unit vector of circular polarization, and Sy 
are unite vectors, vi is the barrier refractions index, c 
is the light velocity in vacuum, 6(p) is the Haeviside 



function, 7; determines the increasing and attenuation 
of the symmetric pulse. The Fourier transform of the 
function Eq (2;,t) looks like 

Eo(2,w) = exp(iKi z){e;i;o (w) e*iEf){-uj)}, 

Eo (uj) = Eo^i /[{uJ -ujif + {ji /2)% (4) 

where ki =v\loIc. 

In the task about transmission of a monochromatic 
electromagnetic wave through a QW is solved with tak- 
ing into account its spatial dispersion. The expression 
for the density of a high-frequency current, induced by 
the transmitting electromagnetic wave, was also obtained 
there. For the case of the only exited energy level and 
circular polarization of falling waves the current density 
looks like 



J(z,<) = (l/27r) 



J(z, w) 



w exp(— i cij t)J(z, ui) 
e/7r vu) 



1 



47r 
1 



$(^) 



where 



dz' A{z' $(z') -f c.c. = e/ J(z t) 



hajQ ^ tibj g + e {m y ) + e [m c ) 
+hnf,{n+ 1/2) 



(5) 



(6) 



is the energy of the interband transition appropriate 
to the chosen exited state, e (mc) (s (my)) is the size- 
quantized electron (hole)energy with the quantum num- 
ber rric (to y ), Q ^ = \e\H/ fj,c is the cyclotron frequency, 
e is the electron charge, H is the magnetic field inten- 
sity, fj, = rUe mil I {Tne + 'Ti?i), TOe {fn ;i ) is the electron 
(hole) effective mass, n is the Landau quantum number, 
7 is radiative broadening of the exited state, v - \s the 
QW refraction index. In approximation of an indefinitely 
deep QW 



<f>(z) = [2 / d) sn\{-K m c z / d) sin(7rm „ z/c?). 



(7) 



In Eq. (5) radiative broadening 7^ is introduced for the 
EHP in a magnetic field at k c? = 



7r = {2e^ /'hcv){p\y /mQhu! g ){\e\H/m()C), 



(8) 



where mo is the free electron mass. The scalar A{z^lo)^ 
connected with vector potential in the Fourier represen- 
tation A(z,cj) is as follows 



A(z, w) = eiA{z,ijj) + e*iA{z, —lo). 



(9) 



The formula, similar Eq. (9), takes place and for an elec- 
tric field vector E(z,a;). Eq. (5) is true for heavy holes 
in crystals with the zinc blend structure , if axis z is 
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directed along of 4-th order symmetry axis ||12|,|13[. In- 
cluded in 7r the real constant Pcv is connected with an 
interband matrix element of a momentum for two degen- 
erated bands: 



Pcv X "F ^ J 



The current density J;(z,t) satisfies to a condition 
div3i{z,t) — and, hence, the induced charge den- 
sity p{z,t) ~ 0. Then it is possible to use calibration 
ip{z,t) — 0, where ip{z,t) is the scalar potential, and 



E(z,i) = (-i/c)(aA/at), 

E(z,cj) = {iuj/c)A{z,uj). 



(10) 



Since E(z,cij) ^ A(z,lj), instead of an equation for 
Lo) it is more convenient to solve the similar equation 
for the scalar E{z,uj), which looks like 

d'^ E{z,uj)/dz'^ + k'^E{z,uj) = -{4tt/c)J{z,uj), 

K = Vu/c, (11) 

where in expression for J{z,lu) Eq. (5) it is necessary 
to replace, using (10), A{z',u!) by E{z',uj). Eq. (11) is 
integro-differential one. If to represent formally its so- 
lution as the sum of the general solution of the homoge- 
neous equation and partial solution of the inhomogeneous 
equation, one obtains instead of Eq. (11) the Fredgolm 
integral equation of the second kind Q 



E{z,uj) = Cie^'"^ +C2e^ 
i(7./2)F(z) 



uj ^ ujQ + i 7/2 



dz' E{z' ,oj)<^{z'), 



(12) 



which is true for uj, close io loq , as its conclusion in Eq. 
(5) for J(z, Lo) it was not taken into account not resonant 
composed lj + loq + 17/2. The neglect by not resonant 
term is equivalent to an inequality [uj — ujq )/ujq <C 1. 
Thus theory becomes inexact atcj — o^o ~^^0j how- 
ever, this area of frequencies is located far away from 
the resonant frequency ujo and does not represent any 
interest. In time representation discrepancy of the the- 
ory appears on times t < to = luq^. If hujo = 1.6eV, 
to = 4.10~^^sec. The arbitrary constants Ci and C2 
are determined from boundary conditions in planes z = 
and z ^ d, and the function F(z) looks like 



F{z) = e" 



ci>(z') 



dz'e'''' $(z'). 



(13) 



*The similar equation was examined in p4| ] for an inver- 
sive layer; in ||ll[] the exact solution of the Eq. (12) for a 
case of the monochromatic exciting wave is obtained. 



If 7r ^ 7, the integral term in Eq. (12) is possible to 
consider as a small perturbation and then it is enough to 
take into account the first approximation on the integral 
term. Radiative broadening of energy levels in quasi-two- 
dimensional systems appears due to an infringement of 
translational symmetry in a direction, perpendicular to 
the QW plane ||l^,|l^ . In the case of high quality QWs 
scattering on heterogeneities of QWs borders can give 
a small contribution in non-radiative broadening of an 
energy level. The same concerns and to scattering on 
phonons and impurities at low temperatures and small 
impurity concentrations. In result it can occur, that 
7r > 7- In this case in the solution of Eq. (12) it is 
impossible to be limited by the first iteration, and it is 
necessary to summarize all the iterative sequence. It is 
possible to show [|ll[, that this sequence is reduced to a 
geometrical progression and the solution can be written 
as follows 

E{z,Lu) = Cie*"^ -HCae"*"^ 
z(7./2)F(z) 



' - t^o + « (7 + 7r£)/2 



dz'iCie"'''' +C2e-^'^^')$(z'). 



The complex value e 



e + le 



dz'<^>{z')F{z') 



(14) 



(15) 



determines the broadening change and energy level shift, 
which occur due to the wave spatial dispersion. In a 



limiting case nd — e 



In barriers, where 



the induced current is absent, instead of Eq. (11) it is 
true the equation 

d^ E{z,uj)/dz'^ + kIE{z,uj) = 0, 

{z < 0, z > d), Ki = vi uj/c, (16) 

the solution of which looks like 

E ' (z, u:) = Eo (c^)e' " ^ " + e"* « ^ ^ (z < 0), 

E'-{z,uj) = CTe*''^^ {z > d). (17) 

The first term in the expression for E^ (z, uj) is the scalar 
amplitude of the Fourier-transform of the exciting pulse, 
C B. determines the reflected wave amplitude, Ct deter- 
mines the the transmitted wave amplitude past through 
a QW. The factors Ci , C2 , C r and Ct , being hmctions 
of the frequency uj, are determined from the continuity 
conditions of E{z,uj) and dE(z,Lu)/dz on borders 2 = 
and z — d. It results in 

Ci = i2Eo (c.)/A)e-''''^[l + C + (1 - OAH, 
C2 =-i2Eo{Lo)/A){l-C)[e:-^+J\f], 
Cr =EoiLo)p/A), 
Ct =4.Eoiuj)(:e-"'"^[l + e-''"^Af]/A; (18) 
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A = (C + Ife-""^ - (C - Ife''^'^ 
-2(C-l)AA[(C + l)e-'«'^ + C-l], 
p = 2i{(^ — 1) sinKd 

+2[(C^ + l)e-''^'^ + C'-l]A^. (19) 
In Eqs. (18), (19) the designations are entered 

C = k/ki=u/ui, (20) 



-i{jr/2)F^iO)/[LO-LOo +^(7 + 7re)/2]. (21) 



The function Eq (w) is determined by Eq. (4). It follows 
from Eqs. (13), (15), that in the case rric = my = m 
(an admitted interband transition in a limit nd = 0) 
F{z) and s are equal: 

F{z) = iB[2 — exp(i kz) — exp(i K{d — z)) 

-{Kd/nmf sin^ {it mz/d)], (22) 

F(0) = F{d) = iB[l - exp(iKd))], 
B = (47r2mVK<i)/[47rW-(Kd)^], (23) 



Similarly, the field vector of the pulse, reflected from the 
QW, is equal 

AE'' {z,t) = eiAE'^{z,t) + c.c., 

/ + 00 
du> exp(— 
-oo 

xCr{oj),z<0, (29) 

where s = t + zvi /c, and the functions Ct (w) and 
C u (t^) (after substitution in Eq. (18) Eq (oj) from Eq. 
(4) and J\f{uj) from Eq. (21)) look like 



Ct (w) = 



4£o 7; C,exp{-iKi d) 



C ,V 

LJ — LOo — JrS" /2 + 

{uj-u;if + {ji/2f ' 



Cniu^) = ^[{oj-u;,r + {li/2r]-', 

x{B[LJ-iOo -7r£'72 + «(7 + 7r£')/2] 

-iBi-jre' /2}, 



(30) 



(31) 



e' = F^{0)exp{-iKd) = 43^ sm'^{Kd/2), 
e" =2B[l-SsinKd-3(Kd)V87rW]. 



'D = UJ-Ulo -7r^l/2 + «(7 + 7r^2)/2, 



(32) 



(24) 



In the Fourier-representation the electrical field vector 
E"^ {z,co) to the right of a QW in agreement with Eq. 
(17) looks like 



E'' {z,u)) = exp(mi z)[eiCT (t^) 
+e*iCT {-cv)], z>d, 



(25) 



and the field vector to the left of the QW E' {z,lu), in- 
cluding the exciting pulse fleld Eq. (4) and the reflected 
wave field AE' {z,u) is equal 

E'(2,a;) =Eo(-2,a;) + AE'(2,a;), (26) 

AE ' (^, w) = exp - (iK 1 z) [e i Ci^ (w) 

+e*iCR{-u)], z>d. (27) 



III. TRANSITION TO TIME REPRESENTATION. 

In the time representation the electrical field vector of 
the pulse transmitted through the QW according to Eq. 
(17) is represented as {p = t — zi'i/c) 

E^{z,t)=eiE^{z,t) + c.c., 

/+00 
duexp{-iu}p) 
-OO 

xCt(w), z>d. (28) 



£= (l-hC)2exp(-iKd)- (l-C)^exp(iKd), (33) 



B = -2i{l - C^)smKd, 
Bi =2[1 + C^- (l-C')exp(iKd)], 



= 



2e'(l - C^)sinKd 
l + C2 + (l-C^)cosKd 

2<V 

l-hC^ + (l-C^)cosKd 



(34) 



(35) 



In integrals Eqs. (28), (29) poles of integrand functions 
are lo = ui ± Z7; /2, and there is also the pole in the 
bottom half-plane u, determined by the equation V = 0. 
Strictly speaking, functions !Fi and .F2 included in V 
(Eq. (32)) depend from oj, since the module of a wave 
vector K = vco/c depends from oj. However, by virtue of 
assumptions, made at obtaining Eq. (12) co should not 
strongly differ from frequency ui and at the solution of 
the equation I? = it is enough to be limited by the 
first iteration. It results in following poles in the bottom 
half-plane 

W = Wo -7r.^i(wo) -i(7 + 7r-?^2(wo))/2. (36) 

At use of the approached value of the pole Eq. (36) we 
shall receive, that 

K = Ko —iyu!o/c, Ki = Kio = viUjQ /c. (37) 
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On the other hand, the poles ljJ = lui ztiji /2 lead to k = 
Ki = vLOi/c, Ki = Kii = viLOi / c. As the theory is 
true at performance of an inequality {loi — loq)/ljJ{) <C 1, 
further we consider, that — k-q — k, kh — kiq — 

After integration on lo scalar functions E"^ {z,t) and 
A£^' (z, t) accept a kind 

E-^iz^t) = {A(:En/C)eM~i{^iP + ^id)) 
x{[l - e(p)] cxp(7,p/2)W^T(7i ) + e(p)eT}; (38) 



Ai;' = (£'0 /£)exp(-iwis) 
x{[l - e(s)] exp(7z s/2)Wr (7; ) + 6(5)6^}, (39) 

where the functions et and tR are represented by the 
uniform formula 



xe 



-(7+7rJ^2)p(s)/2 



In Eqs. (38) - (40) designations are entered 

/S.UJ — LOl — Wo 



(40) 
(41) 



Wrini)^ [Acc;-7, e'72 + z(7 + 7i)/2]/l^(7i) (42) 

WR{-ii) = {B[ALo--ir £'72 + i(7 + 7i 

+7, £')/2]-z7,e'6i/2}/l](7,) (43) 



W!r =-i(7r/2)[^2 -«(£" -Ti 
1 1 



^^(-70 ^^(70 



x{i3[e'-^2 +i(e" -^i)]+e'6i} 
1 1 



(44) 



^{-11) ^{11) 



+ +7r^2)/2. 



(45) 



(46) 



Let us notice, that account of dependence k from lu re- 
sults into replacement in the expression for E"^ (z, t) (38) 
variable p on p' = p + ti , where ti = Vi d/c corre- 
sponds to time, during which light passes a QW. Thus, 
account of dependencies k, from lj will have an effect only 
for p < ti. If d = 500A, 1^1 = 3, t = S.lO-i^c. t^. 
Since ti = , account of dependence k from lo at the 
calculation of Eqs. (28), (29) is excess of accuracy, as 
results in amendments of the same order, which were not 



taken into account in Eq. (12). The obtained expressions 
for E"^ (z, t) and E^ (z, t) are very large and their analyt- 
ical research is complicated. Therefore two limiting cases 
represent some interest, when these expressions become 
essentially simpler. If the matter is homogeneous, i.e. 
vi — V, then 

Kl = K, C = 4exp(— i Kd), B = 0, 

Bi =4, =e", Ti =e' 

and Eqs. (38) and (39) pass in 

E ' (z, t) = Eo (z, t) + AE^' (z, t) = Ea (z, t) 
-Eq {ijr e'/2)Gxp(-icj; p) 
x{[l-e(p)] exp(7ip/2)/r!(7,) + e(p)e}, (47) 

AE'^{z,t) = -Eoinr e' /2)exp{-i{u;i s - nd)) 

x{[l-e(s)] exp(7, s/2)/n{ji) + eis)e}, (48) 

where function ), determined in Eq. (40), turns in 

n{ji)^ALo-jre"/2 + i{j + ^i +7re')/2 (49) 

and the function (40) accepts a kind 

e = exp(-7; t/2)/n{-ji) 
-exp[i(Atj - 7r e" /2)t] exp[-(7 + 7r e')i/2] 

xM-7a)-i-0(7;)"'}- (50) 

For E"^ parameter i = p, for Ai?' t = s. Function 
A£^''(z,t) determines distortion of an exciting pulse, 
transmitted the QW. 

It is seen from Eqs. (47) and (48) that the account 
of a spatial dispersion in a case of homogeneous matter 
results in a frequency shift of on magnitude e" /2 
and to replacement 7^ by7r = jr ■ The value 7^ 
coincides with radiative broadenings of the EHP in a 
strong magnetic field at K x = in case of any value 
nd calculated in If the spatial dispersion is not 

taken into account, i. e. nd = 0, then, according to 
Eq. (24), e' 1, e" and Eqs. (47) and (48) 
pass into expressions obtained in for homogeneous 
matter in absence of the spatial dispersion. Eqs. (47) 
and (48) coincide with similar expressions obtained in 
(Eq. (15), if there under frequency transition luq to 
understand ujq £"/2j and under 7,. the value 7r ). 

A limiting case of a weak spatial dispersion, when 
nd 0, but the matter is inhomogeneous, i. e. vi ^ v 
represents also some interest. It can take place for com- 
paratively narrow QWs. Believing in Eqs. (38) and (39) 
Kd ~ Q, we shall obtain, that C — 4^, B — 0, Bi ~ 
4C^ J^i = 0, = C and 

A (z, t) = i-iEo 7r C/2) exp{-iLUi p) 
X {[1 - &{p)] exp(7i p/2)/n{^i ) + e' {p)Q{p)} (51) 
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e'(p) = exp(-7ip/2)/fl(-7i) 
-exp[iAujp- (7 + 7r CW2] 

x{n{-^i)-'~niji)-'). (52) 

In this case 

r!(7i) = At^ + i(7 + 7, +7,C/2), (53) 

and AE^ {z,t) differs from Eq. (51) by the replacement 
p by s. One can see, that the matter heterogeneity with- 
out taking into account the spatial dispersion results only 
into replacement 7^ by 7^ C: i- 6. to the replacement 
in Eq. (8) for 7^ v ox\ vi. Eqs. (51) and (52) co- 
incide with obtained in if 7^ there is replaced by 
C7r ■ Since in real systems C — li the changes, which are 
brought in only by heterogeneity of matter, are insignif- 
icant. The limit transition 7; ^0 means a transition 
to a monochromatic exciting wave. In this limiting case 
Eqs. (38) and (39) pass in expressions obtained in pd| ]. 

IV. REFLECTION AND TRANSMISSION OF AN 
EXCITING PULSE. 

The energy flux S(p), appropriate to the electrical field 
of the exciting pulse, is equal 

S(p) = (e,/4 7r)(c/i.i)(Eo (, z, i))' - e, 5o P(p), (54) 

where 5*0 — C-Eq /(27rz^i ), is the unit vector in a 
direction z. The dimensionless function P(p) determines 
the spatial and time dependence of the energy flux of the 
exciting pulse 

+ [1 - Q{p)]e^' P. (55) 

The transmitted flux to the right of the QW, by analogy 
with Eq. (54), looks like 

S'- (,z,i) = (e,/4 7r)(c/^.i)(E'- {z,t)f 

= e,SoT{p). (56) 

For the reflected flux (to the left of a QW) we obtain 

S' =-(e,/4 7r)(c/j.i)(AE' {z,t))' 

= -e,5o7^(s). (57) 

The dimensionless functions T{p) and 7?.(s) determine 
the shares of the transmitted and reflected energy of the 
exciting pulse. 

Let us define, by analogy with Q , the absorbed energy 
flux S ° as a difference of the flux S -I- S ' at z = entered 
in the QW from the left, and flux , S*" ai z — d leaving 
the QW, on the right at the same moment of time t: 

S" (,0 =S(t) + S' (t)-S" {t). (58) 



Using the definitions Eqs. (54) - (58) let us present S" [t) 
as 

S"^ (,i)=e,5o [,P{t)-n{t)-T{t)]. (59) 

Defining a share of the absorbed energy A{t) by equality 
S° (t) = 62 5*0 A{t) we shall obtain, that 

A{t) = P{t) - n{t) - T{t). (60) 

The Eq. (60) can be generalized if to remove planes, in 
which are observed fiows on distance z = —zq (to the left 
of well) and on zq to the right of a QW zq > 0. Then 
instead of Eq. (60) we shall obtain 

A{x)^P{x)-n{x)-T{x), (61) 

where x = p = s = t — i>i |zo |/c. Expressions for the 
values T, TZ and A, which are determined by scalars 
E''{z,t) and AE' {z,t) on general Eqs. (38) and (39) 
are not shown here in view of their extreme size. The 
values P{t), T{t) and TZ{t) are always positive, A{t) can 
be of any sign. The negative absorption at some moment 
of time t means, that the electronic system of a QW gives 
back energy saved in previous moments of time. 

V. TIME DEPENDENCE OF REFLECTION, 
TRANSMISSION AND ABSORPTION IN THE 
RESONANCE lu l =ujo- 

Let's consider at first the limiting case 7 ^ 7r • Then 
fields E'-(z,t) and AE'(z,i) from Eqs. (38) and (39) 
can be represented as a decomposition to a row 

E'- (z, t)=-El (z, t) + (7, hWiiz, t) (62) 

AE' (z,i) = AE[, (z,i) + (7./7)AE'i (z,i) + (63) 
where 

Eo(z,t) =^ ei{-iCEf) /C)cyi^[-i{uJip + Kid)] 
x{[l- e(p)]exp(7; p/2) + Q{p) exp(-7, p/2)} 

+C.C., (64) 

AE[)(z,t) = -ei{BEolC)eM-i^i s) 
x{[l-e(s)]exp(7, s/2) + e(s)exp(-7i s/2)} 

-l-c.c. (65) 

correspond to fields of transmitted and refiected pulses 
at 7r — 0, i. e. when the absorption in a QW is absent. 

In hmiting cases Kd ^ 0, C, = 1 or nd = 0, ( ^ 
1 AEl{z,t) = 0, since, according to Eq. (34), B = Q. 
In the first case it is connected with that that the matter 
becomes homogeneous, in the second case - that a sub- 
stance in QW becomes very little and the transmitting 
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wave does not react to it. In these limiting cases, as it 
follows from Eq. (57), TZ{t) ~ (7r/7)^, i- e. is a small 
value. At transition to a general case nd ^ 0, C 7^ 1 "^(0 
looks like 

7^(^) = 5o'[(AE[,(s)f 

+2(7./7)(AE[,(^*)AEUs))], (66) 

what will result in essential increase of reflection at the 
expense of first term in Eq. (66). As to transmission 
T{t), in limiting cases Kd = or ( = 1 T{t) = P{t). At 
transition to a general case transmission changes poorly, 
as a multiplier 16C/|/3p here does not too strongly differ 
from unit. 

In Fig. 1 the time dependencies of the dimcnsionless 
transmission T, absorption A and reflection TZ are rep- 
resented for different values of parameters k d and C- In 
Fig. 1 it is visible, that curves T{t) practically coincide 
for KcZ = 0, C = 1 and nd = 1.5, C, = 1.1. The same 
takes place for absorption A{t). On the other hand, as it 
is visible in Fig. lb, the reffection, being a small value, es- 
sentially depends on parameter C for k d = 1.5: at change 
C from 1 up to 1.3 'R-{t) grows in 8 times. 

In a limiting case ^ 1 the induced fields are com- 
parable on value with a field of an exciting pulse and 
consequently the form of the transmitted through a QW 
a pulse varies very strongly. It is visible in Fig. 2, where 
transmission is small, and the rcficction TZ dominates. In 
the concept of the special points on time curves T, A 
and TZ was entered. In particular, one of these points (the 
point of total refiection of the first type) was determined 
by a condition 7^(^o) = ^'(io), T{to) = A{tQ) = (see 
Fig. 2). If to take into account, that C 7^ 1, nd ^ 
(fig. 2b), then in a point of total refiection other condi- 
tion takes place, namely T(i ) + A{to ) = 0, TZ{to ) = 
P{tQ). It means, that A{to) < 0, i. e. the generation 
of radiation takes place, which was saved by system at 
earlier moments of time. Arisen at transition to a gen- 
eral case the special point according to the classification 
of is the special point of total refiection of the sec- 
ond type. Let's note also, that in Fig. 2b transmission 
in some times is more, than in Fig. 2, i. e. and in 
this case the heterogeneity of matter and spatial disper- 
sion strongly influence only on small values, which in the 
given limiting case is T{t). 

VI. A DEVIATION OF CARRYING 
FREQUENCY FROM RESONANT. 

In 1^] it was shown, that the carrying frequency devi- 
ation Aw results into time oscillations of A{t) and TZ{t). 
However, oscillations were distinct only for small values. 
On the other hand, taking into account the matter het- 
erogeneity and spatial dispersion results in occurrence 
additional reflections from borders of a QW, which can 



exceed the oscillating component TZ{t). In Fig. 3 the 
examples of influence of the matter heterogeneity and 
spatial dispersion of light wave on function TZ{t) are 
given. The most significant changes take place in the 
case "ir 111 <C 1, i. e. for the short exciting pulse. It is 
visible in Fig. 3a the value 7?.(0) is increased in compar- 
ison with a case C, = 1, nd = Q more than in 300 times, 
oscillations here are indiscernible in view of their small 
amplitude. For an intermediate case 7^ ~ 7; (Fig. 3b) 
the changes are insignificant and oscillations on a curve, 
corresponding to C = 1.1, nd = 1.5 are well visible. In 
Fig. 3 refiection TZ{Q) is increased in 22 times, oscillations 
are still distinct. As to absorption, oscillating curves A{t) 
poorly change at transition to an inhomogeneous matter. 
It is explained by the fact that absorption is caused by 
quantum transitions in QW, which poorly depend on a 
refraction index. 

In summary in Fig. 4 the curves TZ{t) for a case 
Ir ^ li are given (a long exciting pulse), when Atj ^ 0, 
but oscillations of reflection practically are imperceptible. 
It follows from Fig. 4 that the account only of the spa- 
tial dispersion, reduces reflection in comparison with a 
case nd = Q. It is explained by reduction of radiative 
broadening 7^ e', since e' is a decreasing function of 
parameter n d. The transition to inhomogeneous matter 
results in increasing of reflection by that greater, than 
more the parameter ^. 

On the basis of obtained results it is possible to make 
a general conclusion, that the account of the matter het- 
erogeneity and spatial dispersion of plane waves, consist- 
ing the exciting pulse, influences strongly only reflection. 
Changes are most significant in that case, when refiec- 
tion, connected with interband transitions in a QW, is 
small and it masks by stronger reflection from borders of 
a QW. It takes place in the limiting case 7 ^ 7,. (it was 
demonstrated above for the exact resonance Aoj — 0) 
and at a deviation of a carrying frequency from resonant 
in the other limiting case 7 ^ 7r • It is necessary to note 
also strong dependence of reflection from the parameter 
h'/h'i , which is increased for the account reflections from 
borders of a QW. The change of transmission also takes 
place only if it is not small. 

In real semiconductor heterostructures the impure 
electrons of a barrier transit in a QW, deforming near to 
borders its rectangular form. Therefore advanced above 
theory is true for pure substances and wide QWs, when 
the size of the deformed frontier areas is small in com- 
parison to a QW width. Besides the theory is true for 
deep QWs, the position of first energy levels in which and 
wave functions, appropriate to them, differ weakly from 
the position of energy levels and wave functions in indef- 
initely deep QWs. Since in the theory one exited level 
is taken into account only, the neighbour energy levels 
in a QW should be located further, than broadening of 
a considered energy level, and broadening of an exciting 
light pulse should be less than distances between neigh- 
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bour levels. These requirements impose restriction from 
above on a QW width. For example, for d = 500A and 
rric — 0.06 mp the difference of two lowest size-quantized 
energy levels is = IG^'^eT^. 
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FIG. 1. Fig. 1. Transmission T, absorption A and re- 
flection 7?. of a symmetric exciting pulse P as function of 
dimensionless time yi t. A resonant case, 7^ 7. a: a 
curve 1-C = 1, fed = and ( = 1.1, nd — 1.5, 2 - 
C = l, Kd = 0, 3-C = 1-1, Kd = 1.5, b: 1 - ( = 1, k d = 0, 2 - 
C = l, Kd = 1.5, 3 - C = 1-1, Kd = 1.5, 4 - C = 1.2, Acd = 1.5, 
5 - C = 1-3, = 1.5. 

FIG. 2. Fig. 2. Time dependence P,TZ,A and T in 
the resonant case, 7r ^ 7. a - = 1, red = 0, b - 
^ — 1.1, K.d — 1.5, 7;t and 7;tr - special points of total 
reflections 1 and 2,respectively. 

FIG. 3. Fig. 3. Time dependence of reflection in case of 
a deviation carrying frequency from resonant, a, b, c: Curve 
1 - C = 1, Kd = 0, 2 - C = 1.1, Kd = 1.5. 
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FIG. 4. Fig. 4. Reflection in the case of strong de- 
viation of carrying frequency from resonant. Curve 1 - 
C = l, Kd = 0, 2- ( = 1.1, Kd = 1.5, 3 - C = 1-2, sd = 1.5, 
4 - C = 1.3, Kd = 1.5. 
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